Purpose Given the current prevalence of obesity, it is important to identify dietary factors that may aid in disease prevention. The objective of the present study was to evaluate the association between consumption of an energy-dense diet and established markers factors for chronic disease, including body weight and measures of body fatness. Methods Data from a nationally representative sample of 9,551 adults C18 years who participated in the 2005-2008 National Health and Nutrition Examination Survey were analyzed. The association between dietary energy density (ED, energy per weight of food, kcal/g) and markers for obesity [including body mass index (BMI) and waist circumference (WC)], insulin insensitivity [including fasting glucose, insulin and homeostasis assessment model for insulin resistance (HOMA-IR)], and markers for inflammation was examined. Results Dietary ED was positively associated with obesity in both men and women in multivariate models. Overall, obese adults had a significantly higher dietary ED than lean adults (p \ 0.0001). Current smokers had significantly higher ED than non-smokers (2.00 vs. 1.75, p \ 0.01), and it was determined that smoking status modified the relationship between ED and weight status in women (p interaction 0.03). In both sexes, there was a positive linear relationship between BMI and ED (p trend 0.01 and 0.0002, respectively); a linear trend between WC and ED was also observed in women (p trend\0.001) after adjusting for relevant cofactors. In women, ED was positively associated with HOMA-IR and fasting insulin; though, this relationship was not observed in men. No significant associations between ED and C-reactive protein were observed in either sex. Conclusion These findings support recent obesity and disease prevention recommendations to consume a diet low in ED.
Introduction
Nearly two-thirds of US adults are overweight or obese [body mass index (BMI) C25 and C30 kg/m 2 , respectively] [1] . Obesity is a risk factor for insulin resistance, type 2 diabetes, and inflammatory states, all of which have been positively associated with increased risk of chronic disease, including several types of cancer [2] . Several groups that promote public health through diet and dietrelated recommendations have recognized energy density (ED) as an important consideration for weight control and disease prevention [2] . ED is a ratio of the amount of energy per weight of food (kcal/g). ED is influenced by various food components, such as the macronutrient and water content. Water has the greatest influence on the ED of a food because it adds substantial weight without adding energy. Of the macronutrients, fat is most influential because of its high energy content (9 kcal/g) relative to either protein or carbohydrate (both 4 kcal/g). Experimental studies have previously demonstrated that lowering the ED of a food or meal can lower energy intake, which, if sustained over time, may result in weight loss [3] . Various population-based studies have examined the association between dietary ED and weight status, including studies evaluating the relationship between ED and markers for metabolic syndrome in a nationally representative sample of adults [4] . Most studies have found a positive relationship between ED and BMI [5] [6] [7] [8] . Weight status is a known risk factor for chronic disease and cancer, particularly colon and rectal cancer (CRC) [2] . We have reported that a low-ED, reduced-energy diet led to weight loss with concomitant improvements in biomarkers of inflammation and insulin sensitivity in blood [9] . The present study will examine the association of food-only dietary ED with established markers for chronic disease, including body weight, waist circumference, and markers for insulin sensitivity and inflammation within a recent nationally representative sample of US adults. We hypothesize that dietary ED will be positively associated with BMI, waist circumference, and markers for chronic disease in this population.
Methods

Study design
The National Health and Nutrition Examination Survey (NHANES) is a large, cross-sectional survey conducted by National Center for Health Statistics. NHANES is designed to monitor the health and nutritional status of non-institutionalized civilians in the USA; nationally representative survey and health examination are collected on a continual basis and released in two-year increments. Complete details regarding the NHANES sampling methodology, data collection, and interview process are available on the NHANES website (http://www.cdc.gov/nchs/nhanes.htm). Data from the 2005-2008 survey cycles were combined for this study. The present study was approved by the Institutional Review Board at the Pennsylvania State University.
In both cycles of NHANES, height and weight were measured by trained examiners using standardized protocols and calibrated equipment during the physical examination component of the study. Adults were classified as lean (BMI B24.9 kg/m 2 ), overweight (BMI of 25.0-29.9), or obese (BMI C30) using Center for Disease Control (CDC) cutoff points (http://www.cdc.gov/obesity/defining. html). For this analysis, underweight (BMI \18.5) participants were included in the lean category. Blood samples were collected on a smaller subset of the population. Depending on the time of day of the exam, either fasting or non-fasting blood samples were collected. All participants, regarding of fasting status, had blood drawn for C-reactive protein (CRP), a marker for inflammation. For participants who were fasting, assessments for serum insulin (mg/L) and serum glucose (mg/L) (as markers for insulin insensitivity) were also collected. We calculated the homeostasis assessment model for insulin resistance (HOMA-IR) [HOMA-IR = fasting insulin (lU/mL) 9 fasting glucose (mmol/L)/22.5] as an indicator of insulin resistance [10] .
Adults who participated in NHANES provided 1 day of dietary recall (24 h) data during their visit to the mobile examination unit as part of the What We Eat in America Study [11] . This 24 h is used to monitor the dietary behaviors of the US population [12] and has been established as a method for assessing mean dietary intake of a population. Data for 24 h were collected in person by trained interviewers using the automated multipass method of 24-h recall. Specific status codes were used to indicate the quality, reliability, and completeness of the dietary data; these status codes accounted for inaccurate data due to substantial over-or underreporting.
The USDA Food and Nutrition Database, version 3.0 was used to process NHANES 24 h. There are several methods to calculate dietary ED [13, 14] . Currently, no standardized method exists for selecting which foods and/ or beverages to include in the calculation, though the majority of studies that have found associations between dietary ED and disease status have done so using the foodonly method [4, 5, 13, 15] . Due to their high moisture content, beverages confer a disproportionate contribution to overall dietary ED. Even caloric beverages contain a substantial amount of water, which yields a large amount of weight for a small amount of energy. Previous studies have indicated that this disproportionate influence of beverages on dietary ED may influence true relationships, and as such be excluded from dietary ED calculations, specifically because beverage ED is lower in those who drink more beverages, regardless of caloric intake [4, 13, 16] . In the present analysis, dietary ED was initially calculated both ways: using all foods and beverages, and using foods only. Complete details of this method in a nationally representative sample have been previous described [13] . For each method, ED was calculated dividing the energy content (in kilocalories) by weight of foods (in grams) consumed. USDA food codes were used to identify which items were foods and which were beverages (e.g., differentiating between milk used in cereal vs. milk consumed as a beverage). Due to differences in energy intake between men and women, sex-specific ED quartiles were created in order to analyze ED as both a continuous and categorical variable.
For the present analyses, we initially included all adults aged 18 and older who had complete dietary and anthropometric data. Individuals who were currently following a weight-loss diet, individuals with implausible or very unusual 24 h (e.g., reporting no beverages during the 24-h recall period), and women who were pregnant or lactating were excluded (n = 2,240), resulting in a final analytical dataset of 9,551 adults. Of these 9,551 adults, a smaller subset also underwent additional procedures to collect fasting blood samples (n = 4,039). Age at the time of exam, education level, smoking status (current, former, never smoker), physical activity (measured in MET units), race, and socioeconomic status were all provided in the NHANES dataset. Socioeconomic status was quantified as a continuous variable using poverty-income ratio (PIR) or the ratio of family income to family-size-specific poverty threshold. Total energy intake was evaluated using all foods and beverages reported. Preliminary analysis indicated an effect modification between ED and smoking status (current, past, never smoker), as such all data were analyzed with and without stratifying for smoking status.
Statistical analysis
All data were analyzed using SAS version 9.3 (SAS Institute, Cary, NC). Specific survey procedures were used in the analysis to account for sample weights, unequal selection probability, and clustered design. Analysis of the subset of fasting subjects required use of different survey weights in order to account for the specific characteristics of this subpopulation. Multivariate regression was used to evaluate the association of dietary ED with health outcomes related to chronic disease and cancer (e.g., body mass index, waist circumference), impaired glucose sensitivity (fasting glucose and insulin, available for a small subset), and markers for inflammation (CRP, available for all adults). Sex-specific analysis was conducted to take into account the natural differences in body composition and caloric needs between men and women. Smoking status (never, current, former) was investigated as a modifier for all outcome relationships. A test for linear trend using the Wald statistic was performed by modeling quartiles of ED as a continuous variable. All models were adjusted for age, race, education, socioeconomic status (PIR), physical activity, diabetic status, survey cycle, and body mass index (where appropriate) with significance determined at p \ 0.05.
Results
Demographic characteristics are presented in Table 1 . Approximately half of the sample had a history of smoking; some differences between the smoking behaviors of men compared with women were noted. Among women, a (Fig. 1) . In this population, current smokers had a higher dietary ED than non-smokers of either sex (p \ 0.0001; Fig. 2 ), and it is notable that men have a higher mean ED than women. Smoking status was found to modify the association between dietary ED and body mass index (p interaction 0.03) when assessing all adults; in sexstratified analyses, however, smoking was only found to modify the effect of ED on body mass index in women (p interaction 0.008). As such, the interaction effect was included in the model evaluating ED and body mass index for women only.
Dietary ED was analyzed both as a continuous and categorical variable to evaluate the relationship between ED and markers for obesity (BMI and WC). ED was initially calculated using two methods: first, with all foods and beverages reported and then using only foods (excluding beverages). For both methods, dietary ED was classified into quartiles. When including beverages, the range of ED was extremely small (Q1-Q4, 0.44-0.80 kcal/ g) compared with the food-only method (Q1-Q4, 1.41-2.31 kcal/g), reflecting the disproportionate contribution of beverages to overall dietary ED. During the analysis, a relationship between weight status and the amount of, but not energy from, beverages consumed was observed. There was no difference in caloric intake from beverages between lean, overweight, and obese individuals after adjusting for relevant cofactors (p = 0.87); however, obese individuals consumed a significantly greater amount (in g) of beverages than lean individuals (2,689 vs. 2,198 g, p \ 0.0001), influencing the relationship between beverage ED and weight status. As such, subsequent analysis was conducted using the food-only method, with beverage ED included as a covariate.
When evaluating dietary ED as a continuous variable, a significant linear relationship was found between dietary ED and both body weight and waist circumference in both men and women. In men, a positive linear relationship between dietary ED and both BMI (p trend 0.01) was observed. In women, a stronger positive association between BMI and total ED was observed (p trend 0.0002), as well as a linear relationship between total ED and WC (p trend \0.0001). For categorical analysis, ED was divided into sex-specific quartiles, shown in Table 2 . Both men and women in the lowest ED quartile had significantly lower BMI and WC than those in the highest two quartiles of ED (Table 2) . Further, the linear trend was significant after controlling for body mass index, indicating that ED is positively associated with waist circumference independent of body mass index. Assessing the relationship between CRP and ED, no associations were observed in either sex. When evaluating markers for impaired glucose tolerance and insulin resistance, no associations were observed between fasting glucose and ED in either sex; however, a weak positive association between fasting insulin and ED was observed in women (p trend 0.05) ( Table 3 ). It is notable that mean values for fasting insulin fell within the healthy range for all quartiles among both sexes, with only 3 % of the entire population having a fasting glucose [125 mg/dL. When evaluating HOMA-IR, a marker for insulin insensitivity, women in the highest quartile of ED had significantly higher HOMA-IR than those in the lowest quartile (Table 3) , though this trend was not observed in men. However, when insulin insensitivity (HOMA-IR score [2.61) was modeled using logistic regression, the odds of having insulin insensitivity increased as ED quartile increased (OR 1.4, 95 % CI 1.0-1.8) after adjusting for age, sex, race, education, socioeconomic status (PIR), physical activity, and survey cycle. Additionally, in logistic regression models evaluating risk of obesity (BMI [ 30 kg/m 2 ), it was determined that the odds of being obese increased for each increase in ED quartile. Those in the highest quartile of ED have a 57 % increase probability of being obese compared with those in the lowest quartile, after adjusting for the same confounders (OR 1.3, 95 % CI 1.0-1.7).
Discussion
In this nationally representative sample of US adults, dietary ED (calculated using foods only) was positively associated with various markers for chronic disease, including BMI and waist circumference, HOMA-IR and fasting insulin. The association between dietary ED and waist circumference was found to be independent of BMI. These results support previous findings in nationally representative samples of children [15] , findings reported about the association between ED and metabolic syndrome in adults [4] and analyses of national samples evaluating self-reported BMI and ED [5, 17] , as well as markers of insulin insensitivity. The present study initially calculated dietary ED both with and without beverages included. During the initial analyses, the disproportionate contribution of beverages to overall ED was observed, and further analysis was conducted using the food-only method. Unlike previous studies which have used self-reported height and weight to evaluate the relationship between ED and weight status [5] , the present study uses measured height and weight to calculate BMI, excludes individuals currently following a weight-loss diet, and also takes into consideration the potential for effect modification by smoking status, a known risk factor for cancer. The effect of smoking status on the relationship between dietary ED and markers for disease is striking. As a subpopulation, current smokers represent a group already at increased risk of cancer; the addition of an increased dietary ED further adds to their risk. The finding that smokers consume a diet higher in ED than non-smokers is not surprising. It has already been demonstrated that smokers have a poorer diet quality than non-smokers [18] , yet weigh less than non-smokers. Foods that are relatively high in ED include red and processed meats, as well as fast food and fatty snacks and desserts; these foods contrast from waterrich foods such as vegetables and broth-based soups, which are very low in ED. It is possible that smokers are increasing their risk of cancer by consuming a diet lacking in antioxidant-rich vegetables, and higher in foods thought to increase cancer risk, such as red and processed meats [19] . Perhaps due to the higher dietary ED, the relationship between smoking and body weight status is not the same in smokers as it is in non-smokers, particularly among women. Smokers tend to have higher dietary ED but maintain a lower BMI compared with non-smokers; this effect modification should be considered when evaluating the relationship between dietary ED and disease risk. When evaluating the individual relationships between dietary ED with fasting glucose and insulin, no robust associations were found. There may be several reasons for this finding. When examining the fasting glucose and insulin levels, it is notable that 97 % of the population fell within the healthy range. However, it was observed in logistic regression models that adults in the highest ED quartiles have significantly higher odds of being insulin insensitive than those in the lowest ED quartile.
There are several strengths to the present analysis. First, the results are generalizable to the US population. In contrast to previous studies, this study evaluates the association with markers for chronic disease and dietary ED as opposed to evaluating consumption of specific foods or foods groups. This allows for a broader interpretation of the results and provides a simplified public health message. There are also several possible limitations to this research. The nutritional data within the NHANES study are selfreported and may be subjected to recall bias. The data collection methods in use for the 24-h diet recalls are state of the art with quality control procedures in place during the data collection phase and within our analyses (e.g., excluding implausible data) will help to address this potential concern. Finally, the cross-sectional survey design of NHANES allows for evaluation of populationwide associations, but prevents evaluation of causality.
In conclusion, dietary ED was positively associated with established obesity-related markers for cancer and other chronic diseases in a nationally representative sample of US adults. These findings support the recently released Surgeon General's Vision for a Healthy and Fit Nation 2010 (4), as well as the joint AICR/WCRF cancer prevention recommendation to consume a diet low in ED [20] . (2) It was determined that smoking modified the relationship between ED and obesity. Future research should be conducted to further evaluate the effect modification of smoking on risk factors for obesity and cancer by prospectively assessing the relationship between dietary ED on cancer risk factors and cancer incidence.
